Abstract -Nowadays, biodiesel and vegetable oils have received increasing attention as renewable clean alternative fuels to fossil diesel fuel because of decreasing petroleum reserves and increasing environmental concerns. However, the straight use of biodiesel and vegetable oils in pure form results in several operational and durability problems in diesel engines because of their higher viscosity than fossil diesel fuel. One of the most used methods for solving the high viscosity problem is to blend them with fossil diesel fuel or alcohol. The reliable viscosity and density data of various biodiesel-diesel-alcohol ternary blends or biodiesel-diesel binary blends are plentifully available in existing literature, however, there is still the scarcity of dependable measurement values on different biodiesel-diesel-vegetable oil ternary blends at various temperatures. Therefore, in this study, waste cooking oil biodiesel (ethyl ester) was produced, and it was blended with fossil diesel fuel and waste cooking oil at different volume ratios to prepare ternary blends. Viscosities and densities of the ternary blends were determined at different temperatures according to DIN 53015 and ISO 4787 standards, respectively. The variation in viscosity with respect to temperature and oil fraction and the change of density vs. temperature were evaluated, rational and exponential models were proposed for these variations, and these models were tested against the density and viscosity data measured by the authors, Nogueira et al. 
INTRODUCTION
Recently, renewable fuels have become more necessary throughout the world due to the depletion of world petroleum reserves, increases in crude oil prices and environmental concerns [1] , [2] . Among renewable fuels, biodiesel and vegetable oils are at the forefront of the substitutes to petroleum-based diesel fuel in the transportation sector [3] .
Vegetable oils can be used directly in direct injection or in-direct injection diesel engines for the short-term operation without major modifications [4] , [5] . In fact, the idea of using vegetable oils as fuel is not new [6] since Rudolf Diesel first used peanut oil in his engine at the World Exhibition in Paris in 1900 [7] . Since then, significant efforts have been made by lots of scientists to use different vegetable oils as fuel in diesel engines especially for emergency situations [8] , [9] . However, the use of vegetable oils can result in operational and durability problems (such as clogged filters, deposits in the combustion chamber and injector tip, injector cocking, injector pump failure, etc. [6] , [10] ) for long-term operation because of their higher viscosity, cloud point and pour point temperatures, and relatively more reactive to oxygen [5] , [6] . These problems can be eliminated by chemically converting vegetable oils to biodiesel [10] .
Biodiesel, consisting of a mixture of methyl or ethyl esters of long-chain fatty acids [11] , has many advantages over fossil diesel fuel [12] such as: (i) it is non-toxic, non-aromatic and biodegradable fuel [13] , (ii) it can be directly used in diesel engines without major modification [14] , (iii) it composes of 10 % to 12 % oxygen by mass in the molecular structure, thus significantly reducing HC, CO and PM emissions [15] , and finally (iv) it has higher density (contributing to deliver greater mass of fuel to the engine [16] ), flash point (making safer handling and storage [17] ) and cetane number (giving higher resistance to diesel knock by shortening ignition delay [15] and allowing it to be utilized in higher compression ratio [18] ). However, the important disadvantages of biodiesel are (i) reactivity of unsaturated hydrocarbon chains in the molecular structure, (ii) cold start problems, (iii) lower energy content and volatility, and (iv) higher viscosity, copper strip corrosion, price and generally nitrogen oxide emission [19] - [21] .
To overcome the high viscosity problem of vegetable oils and biodiesel leading to poor atomization and incomplete combustion, many researchers have carried out blending them with fossil diesel fuel or alcohol. In the existing literature, many studies have been performed on measurements of important fuel properties of binary blends including vegetable oil or biodiesel with diesel fuel. However, there are still no comprehensive studies about (1) determination of density and viscosity of biodiesel-diesel-vegetable oil ternary blends at different temperatures or about (2) development of mathematical correlations between density or viscosity with temperature and oil fraction in blend to predict them. Therefore, in this study, (1) the lowest viscosity waste cooking oil ethyl ester (biodiesel) was synthesized via basic transesterification according to the specific reaction parameters given in [22] , and it was blended with fossil diesel fuel at 20 % volume ratio. The biodiesel-diesel binary blend was referred as base fuel (BF). (2) Waste cooking oil was added to the binary blend (BF) on the volume ratios of 2 %, 4 %, 6 %, 8 %, 10 %, 15 % and 20 %. The resulting ternary blends were named to reflect their composition. For example, the name WCO2 indicates a blend consisting of 2 % waste cooking oil-98 % base fuel. Similar naming (WCO4, WCO6, WCO8, WCO10, WCO15 and WCO20) and fractions are also valid for the other ternary blends. (3) Density and viscosity of the resulting ternary blends were measured at different temperatures (278.15-368.15 K) according to the related international standards. Finally (4), the exponential and rational models, previously suggested by the authors [15] , [23] , [24] , were used to predict densities and viscosities of biodiesel-diesel-vegetable oil ternary blends measured by the authors, Nogueira et al. [25] and Baroutian et al. [26] , respectively, by comparing to Gupta et al. model, linear model, Cragoe model and ANN (artificial neural networks) previously suggested by the other authors in the literature.
EXPERIMENTAL STUDY

Biodiesel Production
In this study, waste cooking oil biodiesel was produced by means of basic transesterification using ethanol, sodium hydroxide and anhydrous sodium sulphate which were of analytical grades. After the detailed parametric investigation conducted by the authors in [22] , transesterification
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181 reaction parameters giving the lowest viscosity were determined as: catalyst concentration of 1.25 %, reaction temperature of 70 °C, reaction time of 120 minutes and ethyl alcohol to oil molar ratio of 12:1. More details about biodiesel production process can be also found in [15] , [17] , [22] - [24] .
Density and Viscosity Measurements
The densities and viscosities of ternary blends (WCO2, WCO4, WCO8, WCO10, WCO15 and WCO20) were measured at different temperatures (278. 15- 
where ρ, m, μ, Kball and t are density, mass, dynamic viscosity, coefficient of the viscometer ball and falling time of the ball moving between two horizontal lines marked on the viscometer tube at limit velocity, respectively. Density measurements were conducted by means of ISO pycnometer and a top loading balance with an accuracy of ±0.01 g while viscosity measurements were conducted using universal Haake Falling Ball Viscometer, Haake Water Bath, a stopwatch (±0.01 s) and a thermometer (±0.5 °C). The density and viscosity measurements were carried out three times for each sample and the results were averaged. Moreover, as well known, kinematic viscosities of the ternary blends were computed by dividing dynamic viscosity with density at the same temperature. Some important fuel properties (viscosity, density, flash point, cold filter plug point (CFPP), higher heating value (HHV), saponification number (SN), iodine value (IV) and cetane number (CN)), average molecular masses and typical formulas of diesel fuel (DF) and produced ethyl ester (biodiesel) are given in Table 1. Table 2 lists also the ethyl ester composition of produced biodiesel. The major and minor fatty acids are oleic and behenic, respectively. 
Uncertainty Analysis
Measured physical quantities are used to compute targeted results in experimental studies. Uncertainties of measuring devices naturally result in uncertainties in the computed quantities, too. Uncertainty analysis provides information to determine uncertainties in the targeted results to be aware of the reliability of them. A method of Kline and McClintock [27] was generally used in scientific studies to compute uncertainties of targeted results (such as density and viscosity in this study). The highest uncertainty of 0.8538 % was calculated for all the targeted results, making them extremely reliable. An example calculation for uncertainty analysis was found in the authors' previous study [24] .
Artificial Neural Networks
Artificial neural networks (ANN) have been developed by inspiring human biological nervous systems [28] . In a similar way to the human brain, the artificial nerve cells, named neurons, process external information and generate the appropriate output [28] . This requires three basic layers such as input, hidden and output layers [28] . The information is served to the network from the input layer [28] . They are processed in the hidden layer(s) and then sent to the output layer. The processing of the information means to convert information coming from the network into output with the help of the network weight values [28] . The most widely used model is artificial neural networks (ANN). These networks are especially capable of producing solutions for various linear and nonlinear problems [29] . The problem decides how many neurons must be in the input and output layers. However, there is no definite method for determining the number of hidden layers and the number of neurons in each hidden layer. This is determined by trial-and-error or cross-validation techniques [30] . To measure the training performance of ANN, samples of the network that do not participate in training are given as input to the network after the training is finished, and the network decision about them is checked. If the network is producing correct responses to these samples, it can be said that the network performance is good and the network has learned the event since a successful network must have the ability to generalize to new samples [31] .
In this study, viscosity and density values were estimated by means of ANN. For this, the oil fraction and temperature values were given as input to ANN and the viscosity or density values determined experimentally were defined as the output layer, as shown in Fig. 1 . The training set consists of 60 % of the existing data and the test set is 40 %. The test set was used to measure the performance of the network. The network training was carried out with 10 iterations, and the training and test data were extracted randomly at each iteration. The network accuracy was calculated as a result of each iteration and average network performance was obtained when all the iterations were completed. The properties of the network consisting of one input layer with two neurons, two hidden layers and one output as follows: the created network type was feed-forward back-propagation neural network and Levenberg-Marquardt (LM) was used as the learning algorithm [32] . The transfer function was tangent sigmoid (tansig) for layers, and the optimal number of neurons in the hidden layers was specified as 10 by scanning between 10 and 40. The designs of the network and the training and testing of the data were carried out entirely using MATLAB nntool software. 
RESULTS AND DISCUSSION
Effects of Temperature on Viscosity and Density
Viscosity Variation
The dependence of kinematic viscosity on temperature for WCO2 ternary blend is illustrated in Fig. 2 in which points and lines represent measured data by the authors and computed values from rational model (Eq. (3)) previously suggested by the authors [23] , [24] , Gupta et al. model (Eq. (4)) [33] , [34] and ANN such as:
where T is the temperature of ternary blends in K or °C, and a, b and c are regression constants. The variations in kinematic viscosity with respect to temperature for BF and the other ternary blends (WCO4, WCO6, WCO8, WCO10, WCO15 and WCO20) were given in [35, Fig. 1-7 ]. As shown in these figures, BF and ternary blends exhibit the same trends in the viscosity variation corresponding to temperature. In other words, the behavior of variation in viscosity with respect to temperature is exponential, as expected, that is, viscosity values exponentially decrease as temperature of fuel (T) increases for all cases. A quite good qualitative agreement between estimated values and measured data is captured by the rational model and ANN (except for the measured value of WCO6 at 278.15 K, as seen in [35, Fig. 3 Table 3 ], the rational model qualitatively and quantitatively provides an excellent fit for representation of the viscosity data of ternary blends measured by the authors. (4)) [33] and ANN were also tested against the dynamic viscosity data of different biodiesel-diesel fuel-vegetable oil ternary blends measured by Nogueira et al. [25] and Baroutian et al. [26] at different temperatures (293.15-373.15 K and 20-90 °C, respectively), as shown in Fig. 3, Fig. 4 and [35, Fig. 8 [25] were prepared on mass fraction basis while the ternary blends (P1.5, P2.5, P3, P4.5, P6 and P9) given in [26] were prepared on volume fraction basis. The ternary blends were named to reflect oil content in blend. For example, the name of S0.804 shows a ternary blend consisting of 0.804 % soybean oil in blend on mass fraction basis while P1.5 shows a ternary blend consisting of 1.5 % palm oil in blend on volume fraction basis. The other ternary blends in [25] , [26] also were similarly named. The best qualitative correlation with the variation in viscosity data through the studied temperature ranges was obtained using the rational model for all ternary blends (S0. 804 15 K than the measured data of soybean oil biodiesel (methyl ester)-diesel fuel-soybean oil ternary blends given by Nogueira et al. [25] . However, it generally gives the close values to the measured data at about 333.15 K given in [25] . In addition, the model overestimates the viscosity data of palm oil biodiesel (methyl ester)-diesel fuel-palm oil ternary blends at approximately 20-25 °C and 65-90 °C, underestimates them at about 25-60 °C, but presents close results to the experimental measurements [26] at about 60 °C. Moreover, if an algorithm is not tested with enough data (for example the experimental values given in [25] and [26] ) or if it is desired to obtain a linear model with using nonlinear data, it cannot be modelled precisely and generalized. This is named with the under-fitting problem and causes the algorithm to make a false decision as it increases its flexibility [32] . Therefore, the qualitatively unstable behaviors (i.e. oscillating) were determined for the viscosity estimation from ANN, and ANN results in great differences between measured data and predicted values for all ternary blends given in [25] , [26] . On the other hand, the relative errors at some measurement points computed from ANN are relatively lower, compared to the rational model and Gupta et al. model, since ANN forces, like an interpolation polynomial, curves to pass from the experimental data which is qualitatively not meaningful. However, when all errors are considered, it can be said that ANN qualitatively does not give a reasonably accurate prediction for all ternary blends given in [25] , [26] . Table 4 and  Table 5 list dynamic viscosity values of soybean oil biodiesel-diesel fuel-soybean oil [25] and palm oil biodiesel-diesel fuel-palm oil [26] (4) and ANN as 0.8723 %, 12.2179 % and 4.9827 %; 1.9851 %, 26.5442 % and 35.5216 % for soybean oil biodiesel-diesel fuel-soybean oil [25] and palm oil biodiesel-diesel fuel-palm oil [26] ternary blends, respectively. Moreover, the lowest R values of Eq. (3) and Eq. (4) were computed as 0.9998 and 0.9971; 0.9994 and 0.9852 for the ternary blends including soybean oil [25] and palm oil [26] , respectively. According to the regression results given in Table 4 and  Table 5 , the dynamic viscosity data of [25] and [26] were also quantitatively the best correlated by means of the rational model, compared to Gupta et al. model and ANN. Finally, the all results mentioned above show that the rational model (Eq. (3)) as a function of temperature of blend, previously recommend by the authors to predict viscosity of different biodiesel-diesel fuel binary blends [23] and biodiesel-diesel fuel-alcohol ternary blends [24] , obtained the best agreements with the viscosity values of different biodiesel-diesel-vegetable oil ternary blends measured by the authors, Nogueira et al. [25] and Baroutian et al. [26] at various temperatures, compared to Eq. (4) and ANN. Fig. 5 illustrates the variation in density of WCO2 ternary blend with respect to temperature, and comparison between the authors' experimental data (represented as points) and the values (represented as lines) obtained by using the exponential model [15] (Eq. (5)), linear model [36] (Eq. (6)) and ANN. The models were formulated as:
Density Variation
where T is temperature of blend in K or °C.
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194 The figures including the changes of BF and other ternary blends (WCO4, WCO6, WCO8, WCO10, WCO15 and WCO20) were also given in [35, Fig. 26-32 ]. These figures indicate that the densities of ternary blends quadratically decrease with increasing temperature. The experimental data measured by the authors have qualitatively the best correlation with the exponential model and ANN while the linear model does not give a reasonably accurate result, as seen in Fig. 5 and [35, Fig. 26-32 ]. Table 6 shows density values of ternary blends including waste cooking oil biodiesel (ethyl ester)-diesel fuel-waste cooking oil measured by the authors at different temperatures (278.15-368.15 K), percent relative errors, and regression parameters of Eq. (5) and Eq. (6). The highest relative errors coming from Eq. (5), Eq. (6) and ANN were determined as 0.0828 %, 0.4904 % and 0.0962 %. Moreover, the lowest R values of Eq. (5) and Eq. (6) were computed as 0.9997 and 0.9796, respectively. These results point out that the exponential model and ANN quantitatively provide very close agreement to the measurements. In this study, the density data of ternary blends including soybean oil biodiesel, soybean oil and diesel fuel (S0.804, S0.807, S0.810, etc.) measured by Nogueira et al. [25] were also correlated by the exponential model, linear model and ANN for investigating their prediction capabilities, as seen in Fig. 6 and [35, Fig. 33-45] . Density values diminish linearly as the temperature of the blend increases. The predicted results from the exponential and linear models are in the best agreement with the experimental results in terms of qualitative goodness of fit. However, ANN cannot represent closely the relationship between density and temperature because of insufficient experimental measurements data in [25] mentioned above. The computed values illustrated as lines in Fig. 6 and [35, Fig. 33 -45] were forced by ANN to exactly pass the experimental data [25] , like the variation in viscosity mentioned above as depicted in Fig. 3 and Fig. 4 and  [35, Fig. 8-25 ]. Therefore, some relative errors in the measurement points computing from ANN are much lower than the rational model. [35, Table 1 ] presents measured density data given by Nogueira et al. [25] for different temperatures (293.15-373.15 K), percent relative errors coming from the exponential and linear models and ANN, and regression constants and correlation coefficients of these models. The lowest R values of the exponential and linear models were determined as 0.9998 and 0.9997, respectively, while the highest relative errors were determined as 0.0813 %, 0.0919 % and 0.2409 % for Eq. (5) and Eq. (6) and ANN. According to these results, the best match to the density values of ternary blends measured by Nogueira et al. [25] is obtained using the exponential model in terms of quantitative goodness of fit. In summary, the effect of temperature on density of different ternary blends measured by the authors and Nogueira et al. [25] was qualitatively and quantitatively the best described by the exponential model previously suggested by the authors [15] , compared to the linear model and ANN.
Effect of Oil Content in Blend on Viscosity
Oil content in blend effect on kinematic viscosity of ternary blends measured by the authors at different temperatures (278.15-368.15 K) was illustrated in Fig. 7 and [35, Fig. 46-62] . The change of viscosity vs. oil content was represented by means of the rational model [23] , [24] , Cragoe model [37] and ANN such as: .
In Eq. As can be seen in these figures, the curves representing calculated values from Eq. (7) and Eq. (8) exhibit the similar trend: as oil content in blend increases viscosity values about quadratically increase. The rational model (Eq. (7)) fairly well represents the viscosity-oil content relationship for all studied temperature range in terms of the qualitative behavior of the variation. Cragoe model only needs viscosity values of pure fuels (in here diesel, biodiesel and oil) to estimate ternary blends' viscosity as an advantage, however, it is thought that the model estimates with highly large errors in predicting viscosity since the coefficient of Cragoe model (i.e. 2000) is constant. In addition, while ANN is suitable for predicting the viscosity values of many experimental data, some data (especially for 10 %, 15 % and 20 % volume fraction) are not accurately fitted by ANN because of inadequate measured data mentioned above. [35, Table 2] shows experimental viscosity data of base fuel and waste cooking oil ethyl ester-diesel fuel-waste cooking oil ternary blends at different temperatures measured by the authors, relative errors, and regression parameters of Eq. (7) and Eq. (8) . The highest relative errors obtained using the rational model, Cragoe model and ANN are 1.9970 %, 73.6994 % and 5.0194 %, and the minimum R value of rational model is 0.9983. These regression results indicate that the rational model (Eq. (7)) also quantitatively presents an excellent match of the experimental point by the authors.
Additionally, the validities of models and ANN were evaluated by fitting to the dynamic viscosity data of palm oil biodiesel-diesel fuel-palm oil ternary blends (including high oil content and equal oil and biodiesel content) measured by Baroutian et al. [26] at different temperatures (20-90 °C), as seen in Fig. 8, Fig. 9 and [35, Fig. 63-76 ]. There is a quite good agreement between the measured data and estimated values from the exponential model (Eq. (7)) for all studies temperature range, compared to Cragoe model and ANN. [35, Table 3 and Table 7 ] present the dynamic viscosity data of palm oil biodiesel-diesel fuel-palm oil ternary blends including different oil fraction measured by Baroutian et al. [26] , errors and regression parameters of Eq. (7). The maximum relative errors from Eq. (7), Eq. (8) and ANN were determined as 1.4643 % (with the minimum R value of 0.9953), 7.7216 % and 18.5755 %, respectively, for palm oil biodiesel-diesel fuel-palm oil ternary blends including equal oil and biodiesel content [26] . Similarly, the maximum relative errors from Eq. (7), Eq. (8) and ANN were computed as 2.9742 % (with the minimum R value of 0.9915), 23.5901 % and 13.1163 %, respectively, for palm oil biodieseldiesel fuel-palm oil ternary blends including high oil content [26] . Finally, the rational model as a function of X, previously recommended by the authors in [23] , [24] , is the best predictor to calculate viscosities of different ternary blends measured by the authors and Baroutian et al. [26] for different temperatures. 
CONCLUSIONS
In this study, in order to research the impacts of temperature and oil fraction in blend on the changes of viscosities and densities and the variation in density with respect to temperature, densities and kinematic viscosities of waste cooking oil biodiesel (ethyl ester)-diesel fuel-waste cooking oil ternary blends were measured by the authors at different temperatures (278.15-368.15 K). The density and kinematic viscosity data were correlated by means of rational and exponential models previously given in the authors' studies [15] , [23] , [24] . Moreover, the models were tested against different density and viscosity data measured by Nogueira et al. [25] and Baroutian et al. [26] by comparing Gupta et al. model, linear model, Cragoe model and ANN recommend before in the existing literature. The rational and exponential equations suggested by the authors can be used to obtain input data for spray, combustion, engine performance and exhaust emission models in thermodynamic or computational fluid dynamic analysis software (KIVA, Fluent, etc.), which shows scientific applicability of the equations. Moreover, the reliable density and viscosity data computed from these equations are required to properly design injection systems, pumps, injectors, reactors, distillation units, separation process, storage tanks and process piping, which indicate their practical applicability. The following conclusions can be deduced from this study:  The kinematic viscosity and density values of vegetable oil biodiesel-diesel fuel-vegetable oil ternary blends measured by the authors non-linearly and quadratically decrease, respectively, according to the increasing fuel temperature;  The rational models [23] , [24] as a function of temperature and oil blending ratio were developed to estimate viscosity values of different biodiesel-diesel fuel-vegetable oil ternary blends, and it was determined that the predicted values from rational models are in best agreement with the experimental data measured by the authors, Nogueira et al. [25] and Baroutian et al. [26] compared to Gupta et al. model, Cragoe model and ANN.
The rational based models proposed by the authors are formally different from exponential based Gupta et al. and Cragoe models;  The best estimation of density is obtained from the exponential model [15] as a function of temperature for different biodiesel-diesel fuel-vegetable oil ternary blends measured by the authors and Nogueira et al. [25] , compared to linear model;  Generally, since prediction capability of ANN depends on whether suffic ient data are available or not, the predicted values from ANN have high errors for some measurement points. This result can be put forward as a disadvantage of ANN;  This study shows that the exponential and rational models, previously suggested to estimate density and viscosity of biodiesel-diesel binary blends and biodiesel-diesel-alcohol ternary blends in the authors' previous studies [15] , [23] , [24] , are also the best predictor for estimating the fuel properties of different biodiesel-diesel-vegetable oil ternary blends, which can be said to be an advantage of the models over different regression models and ANN approach.
